Introduction {#S1}
============

Cancer metastasis is an inefficient multi-step process requiring the disseminated tumor cells to adapt and survive at a foreign microenvironment in distant tissues. During this process, intercellular communication is critical, especially between tumor cells and the surrounding tumor microenvironment (TME), to create a tumor-favoring niche that allows tumor growth and colonization. Cancer-associated fibroblasts (CAFs) are activated fibroblasts that constitute the major components of TME and play crucial roles in tumor development and metastasis ^[@R17],\ [@R24]^. In human breast cancer, increased CAFs has been shown to associate with aggressive disease, recurrence and drug resistance ^[@R4]^. However, the role and mechanisms of CAF contribution to breast cancer metastasis is still poorly understood. It remains as a significant challenge to elucidate intracellular signaling pathways in CAFs that regulate intercellular communication between CAF and tumor cells critical for different stages of cancer metastasis.

Exosomes are a class of extracellular vesicles generated in multi-vesicular bodies and released from different cells ^[@R30],\ [@R38]^. They range from 50--150 nm in size and contain bioactive molecules such as proteins, lipids, and nucleic acids, including microRNAs (miRNA). Previous studies showed that cancer cells secrete exosomes to regulate recipient cell functions in TME to facilitate cancer metastasis and progression ^[@R20],\ [@R45]^. Exosomal miRNAs derived from cancer cells contribute to increased tumor angiogenesis and metastasis by affecting both local TME and distal organs via circulation ^[@R13]^. A recent study suggested that CAF-derived exosomes can promote stemness properties, EMT phenotype, and anchorage-independent growth of tumor cells ^[@R7]^. However, in contrast to extensive studies of exosomes and miRNAs from cancer cells, less is known about the functions of CAF-derived exosomes through delivering miRNA contents to recipient cancer cells to promote cancer metastasis.

Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase that mediates signal transduction by integrins and other cell surface receptors to regulate cell adhesion, migration, survival, proliferation and differentiation in a variety of cells ^[@R25],\ [@R31],\ [@R32],\ [@R37],\ [@R48]^. FAK overexpression in breast cancer correlates with poor prognosis. Previous studies have strongly implicated FAK in the development and progression of breast and other cancers ^[@R10],\ [@R23]^. Several groups, including us, have shown that deletion of FAK in mammary epithelial cells suppresses tumor formation and progression in mouse models of breast cancer ^[@R18],\ [@R21],\ [@R26],\ [@R27]^. We and others have also shown that FAK signaling play important roles in endothelial cells to promote embryonic and cancer angiogenesis and drug resistance ^[@R43],\ [@R44],\ [@R49]^. However, in contrast to the wealth of knowledge on FAK in tumor cells, much less is known about its potential role in tumor stroma, other than a role for endothelial FAK in tumor angiogenesis.

In this study, we generated and analyzed fibroblast-specific inducible FAK knockout mice in a breast cancer model to investigate the potential role and mechanisms of FAK in CAF to promote breast cancer metastasis *in vivo*. Our studies showed that FAK ablation in fibroblasts significantly reduced breast cancer metastasis by impairing the abilities of CAF-derived exosomes to promote cancer cell migration and other activities at least in part due to altered exosomal miR-148a and miR-16. These results provide significant insights into the multiple mechanisms of FAK signaling in TME besides their essential role in mammary tumor cells, which may contribute to the future development of novel therapies for breast cancer targeting FAK.

Materials and Methods {#S2}
=====================

Tumor mice {#S3}
----------

MMTV-PyMT;FAK^f/f^ mice have been described previously ^[@R21]^, and Col1a2-creERT mice obtained from Jackson Lab. The tumor cohorts were maintained on a FVB/N genetic background after extensive back-crossing (7x or more). Mice were housed and handled according to local, state, and federal regulations, and all experimental procedures were carried out as per the guidelines of the Institutional Animal Care and Use Committee at the University of Cincinnati. Tumors were measured by calipers and volume was calculated as (½)(length)(width)^[@R2]^. To induce deletion, mice were treated with 2mg tamoxifen for three times every other day, intra-peritoneally.

Cell culture and treatment {#S4}
--------------------------

MDA-MB-231, MCF-7 and WI-38 cells were obtained from ATCC. These cells were cultured in DMEM with 10% fetal bovine serum. Cells were routinely tested for mycoplasma contamination. Murine fibroblasts were prepared from primary tumors and lung tissues, as described previously ^[@R5],\ [@R7]^. Isolated fibroblasts were cultured in DMEM/F12 supplemented with 10% FBS, insulin (10ng/ml) and EGF (10ng/ml). Wound healing, trans-well invasion and sphere-forming assays were carried out as described previously ^[@R21]^. For trans-well assays, 10% serum media was used as a chemoattractant in the lower chamber while tumor cells were seeded in the upper chamber with 0.1% FBS and tumor cells were assayed for 16 hours. For co-culture trans-well assays ([Figures 2C](#F2){ref-type="fig"}-[D](#F2){ref-type="fig"}), tumor conditioned media pre-educated WI-38 cells were seeded in the lower chamber with respective tumor conditioned media before plating tumor cells in the upper chambers 2 hours later. For conditioned media, cells were cultured in 10% serum media and media was collected after 72 hours. For treatment with miRNA inhibitors (synthesized from IDT), cells were treated at the indicated concentrations for 48 hours prior to starting an assay.

EDU incorporation assay {#S5}
-----------------------

Cells were cultured with 5-ethynyl-2′-deoxyuridine (EdU) treatment (100 nM) for 4 hrs. The formalin-fixed cells were stained with Tris (100 mM), CuSO4 (1 mM), fluorescent-488 azide (100 μM), ascorbic acid (50 mM) and DAPI (1 μg/ml) for 10 min. Three independent field of views for stained cells were imaged by fluorescence microscopy and counted for statistical analysis.

Antibodies {#S6}
----------

Antibodies used in this study were Integrin β4 (Thermo Fisher, MA180984), Pan-cytokeratin (Cell Signaling, 4545), Cyclin E (Santa Cruz, sc-481), beta-Actin (Sigma-Aldrich, A5441), FAK (Santa Cruz, sc558), pY397-FAK (Abcam, 39967), SMA (Abcam, 7817), CD63 (System Biosciences, EXOAB-CD63A-1), CD81 (Cell Signaling, 10037), ALIX (Cell Signaling, 2171) and GAPDH (Cell Signaling, 2118).

Histology and immunohistochemistry {#S7}
----------------------------------

For histological analysis of tissues, samples were fixed overnight in 10% phosphate-buffered formalin, dehydrated in alcohol gradients, xylene and paraffin before being embedded. Then, they were sectioned (5-μm) and subjected to immuno-histochemistry as previously described ^[@R21]^.

Immunoblotting {#S8}
--------------

Cell lysates were prepared with modified radio immunoprecipitation assay (RIPA) buffer as described previously ^[@R21]^ with the addition of Halt protease and phosphatase inhibitors (Thermo Scientific, 78425; 78428). Protein concentrations were quantified by the bicinchoninic acid method, subjected to SDS-PAGE and analyzed by immunoblotting as described previously ^[@R21]^.

Exosome isolation and characterization {#S9}
--------------------------------------

Exosomes were isolated by ultracentrifugation as described previously ^[@R11],\ [@R14]^. Exosome size were determined using Nanosight and purity by CD63 flow cytometry. Scanning electron microscopy was used to validate the size distribution of exosomes.

Quantitative PCR {#S10}
----------------

Total RNA was isolated from cells using an RNAeasy kit (Qiagen, 74004) per the manufacturer's instructions. miRNAs were prepared from isolated exosomes using mirVana miRNA Isolation Kit (Thermo Scientific) according to manufacturer's instructions. Equal amounts of RNA were then reverse-transcribed using SuperScript III first-strand synthesis kit (Invitrogen, 18080--044) using random hexamers as primers. cDNA samples were then subjected to qRT-PCR analysis with SYBR Green (BioRad, 1725121) in a BioRad CFXConnect (Bio-Rad, Hercules, CA, USA) thermo-cycler. For miRNA analysis, snRNA RNU6B was used to normalize expression levels. List of primers used are available upon request.

miRNA sequencing analysis {#S11}
-------------------------

MiRNA sequencing was performed at the Genomics, Epigenomics and Sequencing Core in University of Cincinnati. Briefly, NEBNext small RNA sample library preparation kit (NEB, Ipswich, MA) was used to prepare the library for sequencing, with the following modification for precise library size selection. First, RNA 3' adaptor is specifically modified to target miRNAs and other small RNAs that have a 3' hydroxyl group resulting from enzymatic cleavage by Dicer or other RNA processing enzymes. After ligation, the excess 3' adaptor is removed by hybridization to prevent adaptor-dimer formation. Then, the 5' ends of miRNAs that have a 5'-phosphate are ligated to the 5' adaptor. Following 3' and 5' ligation, reverse transcription is performed to convert the ligated small RNAs into cDNA, and then uniquely indexed by PCR to generate the sequencing library. The libraries containing DNAs ranging from 135--146 bp were purified on 2.75% agarose gels (using a custom-designed DNA ladder for 135--146 bp mixed with library DNA) and eluted in 20 μl. Two μl of the libraries were then diluted (1:10^4^) and analyzed by NEBNext Library Quant kit (NEB) using QuantStudio 5 Real-Time PCR System (Thermofisher, Waltham, MA). The quantified libraries were clustered onto a flow cell at the concentration of 15 pM using Illumina's TruSeq SR Cluster Kit v3, and sequenced for 51 cycles using TruSeq SBS kit on Illumina HiSeq system. Sequence reads were aligned and analyzed for differential levels of individual miRNAs by The Laboratory for Statistical Genomics and Systems Biology in the University of Cincinnati.

Statistical analysis {#S12}
--------------------

Data were plotted as means ± SEM and statistical significance was determined using a two-tailed t-test.

Results {#S13}
=======

FAK ablation in fibroblasts inhibits breast cancer metastasis *in vivo* {#S14}
-----------------------------------------------------------------------

To study the potential role of FAK signaling in CAFs to promote breast cancer development and metastasis *in vivo*, we crossed MMTV-PyMT;FAK^f/f^ mice ^[@R21]^ with Col1a2-CreER transgenic mice that express tamoxifen (TAM)-activated Cre recombinase in CAFs ^[@R2],\ [@R15],\ [@R50]^ to produce MMTV-PyMT;FAK^f/f^;Cre mice. They (and all strains used in this study) were backcrossed to FVB/N genetic background (syngeneic to the MMTV-PyMT mice used throughout the study) for seven or more times (\>99%, or virtually pure FVB/N) to eliminate potential influence of genetic background on phenotypes. Cohorts of female MMTV-PyMT;FAK^f/f^;Cre mice were treated with vehicle (designated as Ctrl mice) or TAM (designated as cKO mice after induced FAK deletion) at 5 weeks of age every other day for 3 times \[2 mg each time\] ([Fig. 1A](#F1){ref-type="fig"}). Unlike previous studies deleting FAK in tumor cells ^[@R21]^, ablation of FAK in CAFs did not affect endogenous mammary tumor development in cKO mice relative to Ctrl mice ([Fig. 1B](#F1){ref-type="fig"}). Further, primary tumor growth was comparable in cKO and Ctrl mice ([Fig. 1C](#F1){ref-type="fig"}). Interestingly, however, we observed that cKO mice developed metastasis at a significantly reduced frequency than Ctrl mice at 4 weeks after TAM treatments ([Figs. 1D](#F1){ref-type="fig"}-[1E](#F1){ref-type="fig"}).

To verify FAK deletion in CAFs, tumor cells and CAFs were prepared from mammary tumors in cKO and Ctrl mice, as described previously ^[@R5],\ [@R7],\ [@R21]^. Western blot analysis of lysates showed FAK deletion specifically in CAFs, but not mammary tumor cells, from cKO mice ([Figs. 1F](#F1){ref-type="fig"}-[1H](#F1){ref-type="fig"}). We next isolated CAFs from lungs of these mice by FACS using PDGFRβ as a marker ^[@R35]^, and showed that FAK was deleted in cKO CAFs compared to CAFs from Ctrl mice ([Figs. 1I](#F1){ref-type="fig"}-[1J](#F1){ref-type="fig"}). Lung epithelial cells from cKO and Ctrl mice showed comparable levels of FAK (data not shown). Western blotting analysis using alpha-smooth muscle actin (a-SMA) as a marker for fibroblasts activation (i.e. CAFs) showed comparable levels of a-SMA in fibroblasts from cKO and Ctrl mice, suggesting that FAK deletion did not affect CAF formation in cKO mice. Together, these results suggest that FAK deletion in CAF suppressed breast cancer metastasis, although it did not affect primary mammary tumor development and growth.

FAK signaling in CAFs is required for their promotion of tumor cell migration *in vitro* {#S15}
----------------------------------------------------------------------------------------

To further evaluate a role of FAK signaling in CAFs to promote human breast cancer metastasis, we prepared human CAFs and examined their effects on human breast cancer cell migration *in vitro*. First, WI-38 human fibroblasts were incubated with conditioned media (CM) from several human breast cancer cells, and examined by western blotting using antibody for a-SMA ([Figs. 2A](#F2){ref-type="fig"}-[2B](#F2){ref-type="fig"}). We found that CM from MCF-7, HCC-1954 and MDA-231 breast cancer cells, but not MCF10A (a normal mammary epithelial cell line), induced WI-38 cells to a CAF-like state with increased expression of a-SMA. FAK phosphorylation was also increased in WI-38 cells treated with CM from these breast cancer cells, supporting a potential role for FAK signaling in CAFs. We next analyzed the ability of the treated WI-38 cells to promote migration of breast cancer cells, which is an important characteristic of metastasis. We found that WI-38 cells treated with HCC-1954 and MDA-231 CM promoted migration of these two breast cancers relative to WI-38 cells not treated (NT) with the CM, while those treated with MCF7 CM increased its migration slightly ([Figs. 2C](#F2){ref-type="fig"} and [2D](#F2){ref-type="fig"}).

To examine directly the role of FAK signaling in CAF, we generated WI-38 cells with stable FAK knockdown using lentiviral vectors for FAK shRNA and examined their ability to promote migration of MDA-231 cells following treatment with MDA-231 CM. We found that FAK knockdown did not change activation of WI-38 cells by MDA-231 CM, as measured by a-SMA expression ([Fig. 2E](#F2){ref-type="fig"}). However, FAK knockdown abolished the ability of MDA-231 CM treated-WI-38 cells to promote migration of breast cancer cells ([Fig. 2F](#F2){ref-type="fig"}). Consistent with these results using WI-38 cells, CAFs from Ctrl mice, but not those from cKO mice, showed greater ability to promote PyMT tumor cell migration, relative to lung fibroblasts from WT mice ([Figs. 2G](#F2){ref-type="fig"} and [2H](#F2){ref-type="fig"}). Collectively, these results suggest that FAK signaling in CAFs is important for their ability to stimulate tumor cell migration, which were consistent with the decreased metastasis in cKO mice *in vivo*.

FAK deletion in CAFs results in the reduced amount and defective exosomes for promoting tumor cell migration and other functions {#S16}
--------------------------------------------------------------------------------------------------------------------------------

Exosomes are small micro vesicles containing functional biomolecules like proteins and RNAs, which can transfer between the donor cells and the recipient cells ^[@R30],\ [@R38]^. To explore whether FAK signaling in CAFs regulates tumor cells through exosomes, we isolated and examined exosomes from Ctrl and cKO CAFs by ultracentrifugation of the CM, as described previously ^[@R11],\ [@R14]^. We found comparable number of exosomes in CAFs from Ctrl and cKO mice ([Fig. 3A](#F3){ref-type="fig"}). However, both protein and RNA contents were decreased in exosomes from cKO CAFs relative to those in Ctrl CAFs ([Figs. 3B](#F3){ref-type="fig"} and [3C](#F3){ref-type="fig"}), suggesting that FAK deletion in CAFs reduced the amount of protein or RNA in exosomes. On the other hand, size distributions of exosomes isolated from CAFs of cKO and Ctrl mice were similar ([Fig. 3D](#F3){ref-type="fig"}). Analyses of the exosome preparations by Western blotting showed that both Ctrl and cKO exosomes are enriched in various exosome proteins; including CD81 and Alix at comparable levels in both exosomes, and CD63 and integrin β4 at reduced levels in exosomes from cKO CAFs relative to exosomes from Ctrl CAFs ([Figs. 3E](#F3){ref-type="fig"} and [3F](#F3){ref-type="fig"}). FACS analysis using CD63 as a marker verified purities of greater than 99% in both exosomes from Ctrl and cKO CAFs ([Fig. 3G](#F3){ref-type="fig"}). Electron microscopy further confirmed purity of exosome preparations, showing exosomes ranging between 70 to 170 nm ([Fig. 3H](#F3){ref-type="fig"}), which is comparable to estimates by Nanosight (see [Fig. 3D](#F3){ref-type="fig"}).

We next examined the effect of CM from Ctrl CAFs with or without exosomes on PyMT tumor cell migration using wound closure assay. We found that while the Ctrl CM significantly increased tumor cell migration, this activity was much lower after removal of exosomes ([Figs. 4A](#F4){ref-type="fig"} and [4B](#F4){ref-type="fig"}). CM from cKO CAFs also promoted tumor cell migration but to a less extent, and removal of exosomes from the media did not affect this activity ([Fig. 4B](#F4){ref-type="fig"}). Interestingly, CM from cKO CAFs with exosome depletion showed greater activity to promote tumor cell migration than CM from Ctrl CAFs without exosomes ([Fig. 4B](#F4){ref-type="fig"}), suggesting Ctrl exosomes are primarily responsible for the activity in CM from Ctrl CAFs whereas the activity over NT in CM of cKO CAFs are likely due to other factors (e.g. altered chemokine compositions). Indeed, adding back Ctrl CAF exosomes, but not cKO CAF exosomes, to the exosome-depleted CM promoted tumor cell migration in a dose-dependent manner ([Fig. 4C](#F4){ref-type="fig"}). Purified exosomes from Ctrl CAFs, but not those from cKO CAFs, also increased tumor cell colony formation in soft agar ([Fig. 4D](#F4){ref-type="fig"}). Analysis of human CAFs also showed that knockdown of FAK by shRNA reduced the ability of CM from these cells to promote tumor cell migration and proliferation ([Fig. S1](#SD1){ref-type="supplementary-material"}). Previous studies suggested important roles of breast cancer stem cells (BCSCs) in metastasis ^[@R6],\ [@R29],\ [@R39],\ [@R47]^, we therefore also examined the effect of CAF exosomes on BCSCs. We found that exosomes from Ctrl CAF increased tumor sphere formation of PyMT primary tumor cells compared to cKO exosomes or no addition ([Fig. 4E](#F4){ref-type="fig"}). Consistent with these *in vitro* data, cKO mice showed decreased amount of BCSCs than Ctrl mice, as measured by ALDH assays ([Fig. 4F](#F4){ref-type="fig"}). Taken together, these results suggest that FAK signaling in CAFs regulates the generation of exosomes and their functions to promote breast cancer metastasis.

Regulation of miR-16 and miR-148a in CAF exosomes by FAK contributes to altered ability of CAFs to affect tumor cell activity and metastasis {#S17}
--------------------------------------------------------------------------------------------------------------------------------------------

MiRNAs encapsulated in exosomes are abundant and play important roles in inter-cellular communications ^[@R13],\ [@R45]^. We therefore hypothesized that FAK deletion in CAFs alter miRNAs in exosomes to abolish their activity to promote tumor cell functions and metastasis. To identify the specific miRNAs involved, we performed miRNA-sequencing of CAF-derived exosomes to generate miRNA profiles from Ctrl and cKO mice (n= 3 for each). Comparative analysis of miRNA profiles identified 3 decreased miRNAs and 4 increased miRNAs in cKO CAF-derived exosomes relative to those from Ctrl mice ([Fig. 5A](#F5){ref-type="fig"}). Using additional preparations of CAF-derived exosomes of Ctrl and cKO mice, qRT-PCR further confirmed reduced levels of miR-34b, miR-409 and miR-494 as well as increased amount of miR-16, miR-148a and miR-326 in cKO CAF-derived exosomes ([Fig. 5B](#F5){ref-type="fig"}), suggesting that these exosomal miRs may mediate CAF regulation of mammary tumor metastasis in cKO mice.

We next prepared exosomes from human WI-38 cells with or without FAK knockdown (see [Fig. 2E](#F2){ref-type="fig"}) that had been treated MDA-231 CM and examined the levels of these miRs. MiR-16 and miR-148a showed increased expression in WI-38 cells with FAK knockdown, consistent with results in mouse CAFs, although miR-326 was not increased after FAK knockdown ([Fig. 5C](#F5){ref-type="fig"}). Surprisingly, we did not find the decreased expression of miR-409 or miR-494 in WI-38 cells after FAK knockdown, and miR-34b was not detected in WI-38 cells with or without FAK knockdown. Similar analysis in WI-38 cells treated with MCF-7 CM showed that FAK knockdown did not change the levels of any of these miRs ([Fig. S2](#SD1){ref-type="supplementary-material"}), which is consistent with the observation that WI-38 cells treated with MCF-7 CM did not affect migration of these cells (see [Fig. 2D](#F2){ref-type="fig"}). These results further support that exosomal miR-16 and/or miR-148a play a role in mediating CAF regulation of recipient tumor cells. Indeed, both miR-16 and miR-148a have been reported to act as tumor suppressive miRs in different cancers including breast cancer ^[@R3],\ [@R19],\ [@R28]^. Thus, it is possible that exosomes from CAFs lacking FAK (either from cKO mice, or human WI-38 cells with FAK knockdown) and enriched with miR-16 and/or miR-148a inhibit various tumor cell activities compared to exosomes from Ctrl CAFs (see [Figs. 4C](#F4){ref-type="fig"}-[4F](#F4){ref-type="fig"} and [S1](#SD1){ref-type="supplementary-material"}).

To further evaluate this notion, we examined expression of a series of putative targets of miR-16 and miR-148a in the recipient MDA-231 cells treated by exosomes from human CAFs with or without FAK knockdown. We found that miR-16 targets CCNE1 and TWIST1 as well as miR-148a targets WNT1 and WNT10B were significantly decreased in tumor cells treated with exosomes from CAFs with FAK knockdown compared to those treated with exosomes from Ctrl CAFs ([Figs. 5D](#F5){ref-type="fig"} and [5E](#F5){ref-type="fig"}). Moreover, decreased levels of Twist1 and Ccne1 proteins were found in tumor cells treated with exosomes from cKO CAFs vs those from Ctrl CAFs ([Fig. S3](#SD1){ref-type="supplementary-material"}). We next used inhibitors against miR-16 and miR-148a to further validate their roles in decreasing mammary tumor cell activities. As expected, transfection of miR-148a and miR-16 inhibitors restored the levels of miR-148a targets CCNE1 and Twist1 and miR-16 target Wnt10b, respectively, in tumor cells treated with exosomes from cKO CAFs ([Fig. S4](#SD1){ref-type="supplementary-material"}). Importantly, transfection of either of these inhibitors reversed inhibition of tumor cell migration and proliferation by exosomes from cKO CAFs ([Figs. 5F](#F5){ref-type="fig"} and [5G](#F5){ref-type="fig"}). Moreover, transfection of these two inhibitors into cKO CAFs also reduced the levels of corresponding miR-148a and miR-16 in exosomes derived from these cells ([Fig. S5A](#SD1){ref-type="supplementary-material"}), as expected, and these exosomes induced more tumor cell migration compared to exosomes from cKO CAFs treated with scrambled control ([Fig. S5B](#SD1){ref-type="supplementary-material"}). These results confirmed efficacy of the inhibitors, and are consistent with the idea that the increased amount of miR-16 and miR-148 in exosome from cKO CAF is responsible for the lower migration of tumor cells compared to those treated with Ctrl CAF exosomes. Lastly, miR-148a and miR-16 inhibitors did not affect the base line proliferation of tumor cells (i.e. those without exosome treatment)([Fig. S6](#SD1){ref-type="supplementary-material"}), supporting that they acted on reserving the effect of corresponding miRNAs enriched in exosomes from cKO CAFs which were delivered to tumor cells. Together, these results suggested that miR-16 and miR-148a enriched in exosomes from FAK-null CAFs play a key role in decreasing mammary tumor cell functions and metastasis ([Fig. S7](#SD1){ref-type="supplementary-material"}).

Discussion {#S18}
==========

Cancer is increasingly recognized as a disease involving abnormalities in both tumor cells and other surrounding cells within TME as well as altered communications between the cells ^[@R12]^. It is well established that malignant cancer cells can activate multiple mechanisms to "educate" both local and distant fibroblasts into CAFs, which in turn influence various cancer cell behavior to promote cancer metastasis to distant organs. By creating a fibroblast-specific inducible FAK knockout in a mouse model of breast cancer as well as knocking down FAK in human CAFs, we showed a critical role for FAK signaling in CAFs for metastasis. Therefore, unlike some other key signaling molecules that could play opposing roles in cancer vs stromal cells for cancer progression and metastasis ^[@R8],\ [@R46]^, FAK's function in CAFs as well as its pro-tumorigenesis role in tumor and endothelial cells ^[@R18],\ [@R21],\ [@R26],\ [@R27],\ [@R43],\ [@R44],\ [@R49]^ highlight significant potential for FAK inhibitors for systemic cancer therapy by attacking both tumor cells and multiple cells in TME crucial for cancer metastasis.

Besides well-established roles of FAK in mediating intracellular signaling in tumor and other cells, recent studies suggested new functions for FAK in the regulation of TME through affecting intercellular communications. FAK in tumor cells has been implicated in creating an immune suppressive TME through inflammatory chemokine production and tumor-associated regulatory T cells (Tregs) recruitment ^[@R33],\ [@R34]^. Other studies suggested a role for FAK in regulating the composition of the fibrotic and immune-suppressive niche in pancreatic tumor model ^[@R16],\ [@R42]^. Our results reveal new FAK functions in fibroblasts required for their activation to CAFs in response to tumor cells, and more importantly the ability of CAFs to promote breast tumor cell migration. FAK can regulate diverse signaling pathways through its phosphorylation of and interaction with multiple other molecules. Using FAK mutant knock-in alleles in breast cancer models, we showed previously that FAK kinase activity was required for some, but not other, subtypes of breast cancer ^[@R22]^, and that FAK interaction with endophilin A2 specifically affect breast cancer stem cell pool but not bulk tumor cells ^[@R9]^. It will be interesting to determine the role of FAK kinase activity and specific downstream pathways in its regulation of CAF-derived exosomal miRNAs to promote breast cancer metastasis using similar strategies.

Exosomes have emerged as an important mediator of inter-cellular communication between various cells. Our findings are consistent with a number of previous studies showing promotion of breast cancer cell migration and metastasis by CAF-derived exosomes ^[@R20],\ [@R36]^.Moreover, these data provide strong support for a role of exosomal miRNAs in mediating the the reduced metastasis upon FAK ablation in CAFs of cKO mice, although we could not exclude potential contribution by changes in exosomal RNAs and/or proteins from cKO CAFs (e.g. decreased amount of integrin β4 and/or CD63, see [Figs. 3E](#F3){ref-type="fig"} and [3F](#F3){ref-type="fig"}). We found that FAK ablation in CAFs increased levels of exosomal miR-148a, which decreased WNT1 and WNT10B expression in the recipient cancer cells. These data provided further support the previous observation that CAF exosomes stimulate Wnt-PCP signaling to drive breast cancer cell invasive activities ^[@R20]^. Our studies also showed increased levels of exosomal miR-16 from FAK-null CAFs that decreased other genes CCNE1 and TWIST1 to reduced cancer cell proliferation and EMT. Besides the increased tumor suppressive miR-148a and miR-16, we also found reduced levels of oncogenic miRs-34b, 409 and 494 in CAF-derived exosomes of cKO mice. However, we did not detect similar decreases of these oncogenic miRs in human CAFs following FAK knockdown, which could be due to incomplete ablation of FAK in these cells by knockdown approach. Nevertheless, it is conceivable that inhibition of one or more of the oncogenic miRs will reduce the ability of CAF exosomes to promote metastasis in cKO mice, possibly in conjunction with the increased levels of tumor suppressive miR-16 and/or miR-148a, as discussed above. Indeed, one caveat in support of the roles of increased miR-16 and miR-148a in cKO CAFs is the reduced amount of cKO exosomes compared to that from Ctrl CAFs (thus cancelling out the net effect of the enriched miRs on per exosome basis). However, multiple miRs may act in an integrated manner to influence recipient tumor cell behavior, and in such a case, both the reduced oncogenic miRs and the enriched suppressive miRs from the overall reduced exosome amount in cKO CAFs may be involved.

Cancer metastasis is a complex, multiple stage process including tumor cell intravasation into the blood or lymphatic vasculature at the primary tumor site, survival in the blood/lymphatic vessels, and colonization and growth at the metastatic site such as the lung. Interestingly, we found that FAK ablation in CAFs inhibited breast cancer metastasis, but it had no apparent effects on the development and growth of primary tumors. Thus, it is possible that defective CAFs at the lung metastatic sites could be responsible for the reduced colonization and/or growth at the tumor cells to inhibit metastasis observed in cKO mice. Alternatively, our data showing that FAK ablation diminished the ability of CAFs to promote tumor cell migration are also consistent with the possibility that cKO CAFs affected metastasis by reduced support for tumor cell intravasation despite not affecting the primary tumor development or growth. Future studies will be directed towards examining these possibilities to further dissect the mechanism involved. We also noted that FAK-null CAF exosomes with enriched miR-16 and miR-148a inhibited proliferation of tumor cells *in vitro*, although primary tumor growth was not affected in cKO mice *in vivo*. It is possible that primary tumors developed compensatory mechanisms so that their growth was less dependent on possible effects of FAK-null CAFs *in vivo*. Another, not mutually exclusive possibility is that tumor cells metastasized to the lungs have a more stringent requirement for their microenvironment including CAFs to support their growth to form lung nodules (and FAK deletion in CAFs compromising such supportive function), which is reflected in the *in vitro* assays. Lastly, though less likely, it is also possible that FAK signaling is preferentially more important in lung CAFs (where they were isolated for the *in vitro* assays) than CAFs associated with primary tumors in mammary gland. Future studies will be necessary to gain additional mechanistic insights using our unique mouse models and reagents derived from them. Likewise, it will also be interesting to evaluate potential differential changes in specific subsets of CAFs upon FAK deletion and their contributions to the reduced metastasis *in vivo*, given recent studies showing multiple subsets of CAFs that could support or suppress tumor progression ^[@R1],\ [@R4],\ [@R40]^. Lastly, defective CAFs upon FAK ablation could modulate other TME components such as immune cells and ECs to impact indirectly on cancer metastasis. The availability of the fibroblast-specific cKO mice described here, along with FAK cKO mice in ECs ^[@R41]^ and mammary tumor cells ^[@R21]^ will offer appropriate models to fully understand the complex mechanism of FAK signaling in the regulation of metastasis *in vivo*.

In summary, our studies revealed a new function for FAK in intercellular communication between CAFs in TME and mammary tumor cells important for cancer cell migration and metastasis. FAK ablation in CAFs impaired their ability to promote cancer cell migration and other activities due to alterations in exosomal miRs. These findings provide new insights into the complex role of FAK signaling in TME and cross-talk with mammary tumor cells and further highlight the potential of targeting FAK in the development of systemic and effective therapy for advanced and metastatic breast cancer.
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![FAK ablation in fibroblasts inhibits breast cancer metastasis. **A.** Experimental design scheme for induction of FAK deletion in transgenic mice. **B.** Kaplan-Meier tumor free curve of Ctrl (n=26) and cKO (n=30) mice. **C.** Endogenous primary tumor growth curves of Ctrl (n=9) and cKO (n=9) mice. **D.** H&E staining of lungs from Ctrl and cKO mice at end point (4 weeks after Tamoxifen induction). Scale bar, 2mm **E.** Quantification of metastatic nodules per lung section in Ctrl (n=9) and cKO mice (n=9). **F.** Immuno-blots showing levels of FAK, SMA, Pan-CK and Actin in primary tumor cells and fibroblasts. **G-H.** Quantification of respective protein levels normalized against Actin in (G) tumor cells and (H) CAFs described in F. **I.** Immuno-blots showing levels of FAK, SMA and GAPDH in lung CAFs isolated from Ctrl and cKO mice. Error bars represent mean ± s.e.m. \*P≤0.05. **J.** Quantification of respective protein levels normalized against GAPDH in lung CAFs described in I.](nihms-1549985-f0001){#F1}

![FAK signaling in CAFs is required for their promotion of tumor cell migration. **A.** Immuno-blots showing levels of SMA, FAK-pY397, FAK and Actin in WI-38 human fibroblasts that are not treated (NT) or treated with conditioned media from respective human breast cancer cells. **B.** Quantification of respective protein levels normalized against total FAK in WI-38 fibroblasts described in A. **C.** Illustration of co-culture trans-well migration assay. **D.** Quantification of migrated cells in trans-well migration assays of human breast cancer cells that were educated by fibroblasts (not treated \[NT\] or treated with respective conditioned media from tumor cells). **E.** Immuno-blots showing levels of FAK, SMA and GAPDH in WI-38 cells treated with shCtrl or shFAK to knockdown FAK. **F.** Quantification of trans-well migration assays of MDA-MB-231 tumor cells to WI-38 cells treated with shFAK and/or MDA-231 conditioned medium for 72 hours. Levels of FAK knockdown in WI-38 cells are indicated by immune-blots. **G-H.** Representative images (G) and quantification (H) of migrated cells in trans-well migration assays of PyMT tumor cells to primary fibroblasts purified from lungs of WT, Ctrl or cKO mice. Scale bar, 50μm. Error bars indicate mean ±SEM. \*p\<0.05, \*\*P\<0.01.](nihms-1549985-f0002){#F2}

![FAK deletion in CAFs results in defective exosomes. **A-C.** Quantification of (A) numbers of exosome generated per million of cells (volume of preparation), (B) protein content (mg/ml) per volume of preparation and (C) RNA content per volume of preparation of exosomes from purified primary lung fibroblasts. **D.** Quantification of exosome size distribution by nanosight. **E.** Immuno-blots showing levels of exosome markers Integrinβ4, CD63, CD81 and Alix using purified exosomes from primary lung fibroblasts of Ctrl or cKO mice. **F.** Quantification of respective protein levels from purified exosomes normalized against GAPDH as described in E. **G.** CD63 FACS analysis of purified exosomes. Exosomes without CD63 primary antibody incubation were utilized as negative control. **H.** Representatives images of electron microscopic analysis of exosomes derived from the primary lung fibroblasts. Scale bar, 100nm. Error bars indicate mean ±SEM. \*\*P\<0.01.](nihms-1549985-f0003){#F3}

![Exosomes from FAK deficient CAFs are deficient in promoting tumorigenic phenotypes. **A.** Representative images of wound healing assay of PyMT cells treated with Ctrl or cKO CAF conditioned media with or without exosome removal for 18 hrs. Scale bar represents 200μm. **B.** Quantification of wound healing assay as described in A (n=3). **C.** Wound healing assay of PyMT cells treated with exosome at various doses (0--10 μg) for 18 hours (n=3). **D-F** Colony formation (D), sphere formation (E) and quantification of ALDH+ cells in PyMT cells that are not treated (NT) or treated with 10μg of purified exosomes from Ctrl or cKO CAFs. Error bars indicate mean ±SEM. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.](nihms-1549985-f0004){#F4}

![Regulation of miR-16 and miR-148a in CAF exosomes by FAK contributes to altered ability of CAFs to affect tumor cell activity and metastasis. **A.** Heatmap showing differentially expressed miRs in exosomes from Ctrl or cKO CAFs (n=3 each). **B.** Quantitative-PCR analysis of miR levels in exosomes from Ctrl and cKO CAFs (n=3 each). **C.** Quantitative-PCR analysis of miR levels in exosomes from WI-38 fibroblasts transduced with shCtrl or shFAK and educated by MDA-MB-231 cells. **D-E.** Quantitative-PCR analysis of (D) miR148a target genes and (E) miR16 target genes in MDA-MB-231 cells that were treated with exosomes from shCtrl or shFAK transduced WI-38 fibroblasts. **F.** Trans-well migration assays for PyMT cells treated with exosomes from Ctrl or cKO lung CAFs, along with specified miRNA inhibitors. NC denotes scrambled control oligo. **G.** EdU incorporation assay for PyMT cells treated with exosomes from Ctrl or cKO lung CAFs, along with specified miRNA inhibitors. Error bars indicate mean ±SEM. \*p\<0.05, \*\*p\<0.01.](nihms-1549985-f0005){#F5}

[^1]: Equal contribution
